Comparative 16S rRNA sequencing was used to evaluate phylogenetic relationships among selected strains of ammonia-and nitrite-oxidizing bacteria. All characterized strains were shown to be affiliated with the proteobacteria. The study extended recent 16S rRNA-based studies of phylogenetic diversity among nitrifiers by the comparison of eight strains of the genus Nitrobacter and representatives of the genera Nitrospira and Nitrospina. The later genera were shown to be affiliated with the delta subdivision of the proteobacteria but did not share a specific relationship to each other or to other members of the delta subdivision. All characterized Nitrobacter strains constituted a closely related assemblage within the alpha subdivision of the proteobacteria. As previously observed, all ammonia-oxidizing genera except Nitrosococcus oceanus constitute a monophyletic assemblage within the beta subdivision of the proteobacteria. Errors in the 16S rRNA sequences for two strains previously deposited in the databases by other investigators (Nitrosolobus multiformis C-71 and Nitrospira briensis C-128) were corrected. Consideration of physiology and phylogenetic distribution suggested that nitrite-oxidizing bacteria of the alpha and gamma subdivisions are derived from immediate photosynthetic ancestry. Each nitrifier retains the general structural features of the specific ancestor's photosynthetic membrane complex. Thus, the nitrifiers, as a group, apparently are not derived from an ancestral nitrifying phenotype.
Biologists have been asking questions concerning the evolutionary origins of, and phylogenetic relationships among, chemolithotrophic microorganisms for well over a century. However, it has been only in the last decade that comparative molecular studies have provided the basis to shape an understanding of their phylogeny. Most notably, the use of comparative rRNA sequencing has provided an all-encompassing phylogenetic framework within which all the chemolithotrophs can be placed. The emerging phylogeny has, in turn, provided insights into their antiquity and the origins of lithotrophic metabolism. For example, sulfur oxidation and iron oxidation appear to be evolutionarily early and widespread metabolic modes that are not confined to a single phylogenetic assemblage of bacteria (27) . An important group of chemolithotrophs commonly called nitrifying bacteria or nitrifiers, the nitrite-and ammonia-oxidizing bacteria, has to be reconsidered as well.
These classical chemolithotrophs are still viewed as one coherent group, the family Nitrobacteriaceae (45, 46) , defined by their characteristic ability to grow as lithotrophs by oxidation of ammonia to nitrite or nitrite to nitrate. No organism that has been described is capable of fully oxidizing ammonia to nitrate. Consequently, the classification of nitrifying bacteria is based primarily upon oxidation of either ammonia or nitrite,
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University, Evanston, with secondary consideration of cell shape and the highly characteristic cytoplasmic membrane structures (46) . All known ammonia-oxidizing bacteria are obligate chemolithoautotrophs. In contrast, some nitrite-oxidizing bacteria are mixotrophs and also can grow heterotrophically (4, 26) . Although the existing taxonomy assigns these bacteria to a single family, accumulating biochemical and molecular data do not support their phylogenetic coherence. Physiological and enzymatic data argue against a close relatedness between ammonia and nitrite oxidizers. They employ two very different key enzyme systems for the energygaining oxidation of ammonia and nitrite (5) . Comparative sequencing studies based on 16S rRNA oligonucleotide cataloging provided the first outline of phylogenetic diversity of nitrifying bacteria (56, 56a, 57) . More recently, the phylogeny of the ammonia-oxidizing bacteria has been refined on the basis of near-complete 16S rRNA sequences (17) . These results are consistent with the earlier cataloging studies. However, this picture is far from complete. Many new species were not included in sequencing studies. Others have been characterized by DNA-DNA hybridization and GC content but not by sequence comparisons.
In this study, we used comparative 16S rRNA sequencing to further delineate and refine the phylogeny of ammonia-and nitrite-oxidizing bacteria. In so doing, we identify closely related nonnitrifying species and discuss the physiological and evolutionary significances of their recent common origins.
MATERIALS AND METHODS
Bacterial strains and 16S rRNA sequences. Strains sequenced in this study are listed in Table 1 Isolation of nucleic acids and sequencing. Nucleic acids were isolated by mechanical disruption of cells and phenol extraction as previously described (40) . The 16S rRNA was isolated and sequenced directly, using the reverse transcriptase method of Lane et al. (28) . DNA sequencing was done by using PCR and direct sequencing of PCR products. For direct sequencing, 16S rRNA genes were amplified by using two primers, 11F (5'-G'lTITGATCCTGGCTCAG-3', corresponding to Escherichia coli positions 11 to 27) and 1512-AR (5'-ACGGT/CTACCTlGTTACGACl'l-3', corresponding to E. coli positions 1492 to 1513). Each The PCR products were analyzed by electrophoresis on 1% horizontal agarose gels in TAE buffer (36) , using a 1-kb DNA ladder as a size marker (Difco, Detroit, Mich.; Gibco BRL, Grand Island, N.Y.). The DNA from the region of the gel containing the PCR amplification product of appropriate size was electrophoretically recovered by cutting a small well in the gel directly in front of the selected PCR product. Electrophoresis was continued until the DNA migrated into the buffer-filled well. The buffer was quickly transferred to a microcentrifuge tube, and 0.1 volume of 5 M NaCl and 2.5 volumes of ethanol were added. Following incubation for 1 h at -80'C, the DNA was pelleted by centrifugation and directly used in the sequencing reactions (9), using primers complementary to highly conserved regions of 16S rRNA sequence. The previously published protocol of Bottger (9) was modified to include addition of 1 tLI of aqueous 5% (wt/vol) Nonidet P-40 (Sigma Co., St. Louis, Mo.) to the template-primer mix (0.5% in a final reaction volume of 10 RI). In addition, denaturation at 940C was extended to 10 min and the 370C renaturation step was omitted.
The sequencing primers and corresponding positions within the E. coli 16S rRNA were llF (5'-GTFlTGATCCrGGCTC AG Alignment and phylogenetic tree inference. The sequences were aligned by secondary structure according to the RDP database alignment (29) . The SIMILARITYRANK tool of the RDP database was used to search the RDP database for close evolutionary relatives of different nitrifier sequences. Phylogenetic trees were inferred, using the PAUP3.1 parsimony program package (42a) and the distance matrix method of Fitch and Margoliash as implemented by PHYLIP (Phylogeny Inference Package) version 3.5c (15) . Regions of ambiguous sequence alignment were excluded from analysis.
Nucleotide sequence accession numbers. Sequences have been deposited in GenBank under accession numbers L35501 to L35514.
RESULTS AND DISCUSSION
The now recognized diversity of genera and species of the ammonia oxidizers includes Nitrosomonas, with at least 10 species (19, 23, 53) , Nitrosococcus (53) , with 3 species (22, 25, 53) , Nitrosospira, with 1 recognized species (44, 54) and 4 other species indicated by DNA homology studies (24) , Nitrosovibnio, with 1 described species (16) and 1 additional species indicated by DNA homology studies (24) , and Nitrosolobus, with one described species (49) and 1 additional species indicated by DNA homology studies (24) . The nitrite-oxidizing genera have received relatively less attention, and few have been examined by comparative sequence analysis. The four recognized genera of nitrite-oxidizing bacteria include Nitrobacter (53) , with three species (6, 7) , and Nitrospina (50) , Nitrococcus (50) , and Nitrospira (47), with one species each.
Previous comparative studies and the sequence data presented here indicate that all characterized nitrifying bacteria are members of the proteobacteria, a large bacterial group of presumed photosynthetic ancestry (55, 56 within the proteobacteria as inferred by comparative 16S rRNA sequence analyses are displayed in Fig. 1 . The general phylogenetic distribution is briefly described here and discussed in greater detail in the following sections, which elaborate specific affiliations between nitrifying and nonnitrifying representatives of the individual proteobacterial subdivisions.
Nitrite-oxidizing genera occur in the alpha, gamma, and delta subdivisions of the proteobacteria. The genus Nitrobacter forms a tight group of very closely related species in the alpha subdivision, clustering together with species of the genera Bradyrhizobium, Rhodopseudomonas, and Afipia. Nitrococcus mobilis is a member of the gamma subdivision, related to members of the family Ectothiorhodospiraceae and the ammonia-oxidizing bacterium Nitrosococcus oceanus. Nitrospira manna, the only described species of the genus, shows an affiliation with the delta subdivision. The two strains of Nitrospina gracilis (the only described species in the genus) also demonstrate a peripheral relationship to the delta subdivision but are unrelated to Nitrospira marina. The ammonia-oxidizing bacteria (with the exception of Nitrosococcus oceanus) constitute a closely related assemblage within the beta subdivision composed of the genera Nitrosolobus, Nitrosospira, Nitrosovibrio, and Nitrosomonas. In contrast, the two species of the genus Nitrosococcus belong to different subdivisions (17, 55) . Nitrosococcus mobilis is related to the genus Nitrosomonas in the beta subdivision; Nitrosococcus oceanus is the only recognized ammonia oxidizer in the gamma subdivision.
For a more detailed comparison of relationships, we consider each subdivision separately. This treatment is a consequence of the requirement for sequence alignment prior to phylogenetic analysis. By comparing only closely related sequences, to the exclusion of sequences from different subdivisions, it is possible to include a greater number of aligned sequence positions in the comparative analyses. Highly variable regions of sequence generally must be excluded when distantly related sequences are compared, because they cannot be unambiguously aligned. A similar treatment was recently used to characterize sulfur-and iron-oxidizing bacteria (27) . The following discussion is based on an independent analysis of each of the four subdivisions.
The alpha subdivision: the genus Nitrobacter. The members of the genus Nitrobacter make up an exclusive and highly related cluster that is closely associated with Rhodopseudomonas palustris, Bradyrhizobium japonicum, Blastobacter denitrificans, Afipia felis, and Afipia clevelandensis within the alpha-2 branch of the proteobacteria (Fig. 2) 16S rRNA sequences for the two strains of Nitrobacter winogradskyi (ATCC 14123 and ATCC 25381) were identical and differed from Nitrobacter sp. strain R6 at only one nucleotide position (E. coli position 1267, C/U). Nitrobacter hamburgensis X14 differs in at least nine nucleotide positions from these three strains. In addition to the near-complete sequences determined for these members of the genus, partial sequences of three additional Nitrobacter strains (ATCC 25383, ATCC 25384, and ATCC 25385) were determined by rRNA-templated sequencing with reverse transcriptase. Approximately 500 nucleotides of 16S rRNA sequence beginning at the 5' end were determined for each. The partial sequences of strain 25383 and 25384, not considering ambiguous nucleotide assignments, are identical to the near-complete sequences determined for Nitrobacter winogradskyi strains ATCC 25381 and 14123. However, Nitrobacter sp. strain 25383 differs at two nucleotide positions, E. coli positions 250 (A/U) and 264 (C/U). Thus, additional genetic diversity exists among available Nitrobacter species and may be great enough to warrant species distinction.
Within the genus Nitrobacter, the pairwise evolutionary distance estimates do not exceed 1%, indicating a low degree of genetic diversity. These results are consistent with the recent 16S rRNA sequence comparisons of three Nitrobacter isolates (N. winogradskyi, Nitrobacter sp. strain LL, and N. hamburgensis) by Orso et al. (34) . Many other genera of bacteria show 10 to 15% 16S rRNA sequence divergence between species, although this may be considered the upper limit for genus rank and more appropriate for the definition of families (14, 37) . The high degree of genetic homogeneity within the genus Nitrobacter was also demonstrated by an earlier 16S rRNA oligonucleotide study (38) Afipia felis showed their close relationships (32, 52) . A chemotaxonomic study (3, 30a) , based on analysis of lipid A and deep core regions of cell wall lipopolysaccharides, was consistent with the sequence data presented here. The 16S rRNA sequences of Bradyrhizobium japonicum, Rhodopseudomonas palustris, and Nitrobacter winogradskyi form a coherent cluster, well separated from other members of the alpha subdivision (96.8 to 100% sequence similarity). Thus, the root-nodulating Bradyrhizobium japonicum, Blastobacter denitrificans, the human pathogensAfipia felis and Afipia clevelandensis, the anaerobic photosynthetic Rhodopseudomonas palustris, and the facultative lithoautotrophic Nitrobacter species all have a relatively recent common ancestor, also suggesting they have common traits. For example, the capacity for denitrification is present in Blastobacter denitnficans, Nitrobacter species, and some strains of Rhodopseudomonas palustris (8, 21, 43) . However, nitrification has not been reported for Blastobacter denitrificans (43) , and the need for a systematic comparison of these enzyme systems is indicated. Three members of this assemblage divide by budding, Rhodopseudomonas palustris, Blastobacter denitrificans, and Nitrobacter species (35, 41, 46) . Thus, the other members of this assemblage should be reexamined for this characteristic. Another common phenotypic theme of related bacteria is the intracellular habitat of Bradyrhizobium japonicum and Afipia species (agents of cat scratch disease) (32). However, facultative or obligate intracellular associations are observed in a variety of the alpha-subdivision bacteria, including species of the genera Rickettsia, Rochalimaea, and Brucella (55) , and so should not be considered unique to the specific nitrobacter lineage.
Related but physiologically distinct bacteria include the methylotrophs. Methylotrophs are affiliated with the alpha, beta, and gamma subdivisions of the proteobacteria in close peripheral relationship to both nitrite and ammonia oxidizers (Fig. 2 to 4) . Within the alpha subdivision, Methylobacterium species are the closest methylotrophic relatives of the characterized Nitrobacter species. They have similar intracytoplasmic membrane structures, a feature that ties them both to the phototrophs (13) . A relationship between methane-oxidizing and ammonia-oxidizing species was earlier suggested by the capacity of ammonia monooxygenase and methane monooxygenase to oxidize either ammonia or methane, but the evolutionary and ecophysiological significances of this oxidative flexibility are unresolved (18, 33) . Nitrite-oxidizing genera, such as Nitrobacter, Nitrospina, and Nitrococcus species, cannot oxidize methane (18) . We call attention to similar peripheral affiliations of methylotrophs with nitrifiers in the beta and gamma subdivisions but will not further address these relationships.
The beta subdivision: the genera Nitrosolobus, Nitrosospira, Nitrosovibrio, Nitrosomonas, and Nitrosococcus. The physiological differences of ammonia-oxidizing and nitrite-oxidizing bacteria are reflected by their mutually exclusive phylogenetic positions as inferred by 16S rRNA sequence comparisons. However, since these sequences were independently reported, we restrict our discussion to general features of relationship between ammonia-and nitrite-oxidizing species and, when appropriate, differences in the independently determined sequences. The ammonia-oxidizing bacteria, with one exception (Nitrosococcus oceanus), constitute a monophyletic line of descent within the beta subdivision of the proteobacteria (98% bootstrap). No described nitrite oxidizer has been placed in this subdivision. Previous 16S rRNA oligonucleotide data (57) indicated a high degree of genetic homogeneity among the ammonia oxidizers, and this is now confirmed by analysis of near-complete 16S rRNA sequences (17) . A recent taxonomic treatment of the genus Nitrosomonas by Koops et al. (23) classified eight new species of Nitrosomonas, including Nitrosomonas marina. The 5'-terminal sequence (ca. 500 nucleotides) of Nitrosomonas europaea ATCC 19718 is identical to that of strain C-31 (ATCC 25984). With reference to the phylogenetic relationships defined in Fig. 1 and 3 , Nitrosococcus mobilis is encompassed by the now described genus Nitrosomonas. We suggest that taxonomic revision is necessary to include this additional information of phylogenetic relationship.
The closest relatives to the beta-subdivision ammonia oxidizers are the iron-oxidizing bacterium Gallionella ferruginea, the photosynthetic Rhodocycluspurpureus, and methylotrophic bacteria (Fig. 3) . The close relationship to the chemolithotrophic Gallionella ferruginea is also reflected by an extensive intracellular membrane system, also found in some Nitrosomonas species, consisting (in part) of irregular tubes protruding into the cytoplasm continuous with the cytoplasmic membrane (30) . The tubular membrane system of R purpureus also resembles those of Gallionella femuginea and some Nitrosomonas species.
Nitrosospira briensis (strain C-128) is one representative of at least two, and probably five, different genospecies. Two groups of Nitrosospira species could be distinguished on the basis of their G+C contents (24) . DNA hybridization data allowed a further categorization into five species (24) . However, supporting 16S rRNA sequence data are not yet available. In this regard, there are 10 nucleotide differences between the sequence of strain C-128 determined in this study and the previously published sequence for this strain (17) . Every mismatch was checked and resequenced, confirming the sequence presented here. The character of the differences suggests that the differences arose from sequencing errors in the previously published sequence rather than strain confusion.
Thus, this genus is currently represented by only one 16S rRNA sequence.
Nitrosolobus multiformis C-71 (ATCC 25196, type strain) represents one of two species defined by G+C content and DNA hybridization (24, 48) . The 16S rRNA sequence of C-71 was determined in this study and independently by Larsen et al. (29) . These sequences are identical at all comparable positions; however, the previously published sequence (17) differs at six nucleotide positions. These differences should be noted for future determinative and taxonomic studies. In addition, partial sequencing of the 5' termini (ca. 300 nucleotides) of N. multiformis ATCC 25198 revealed two differences at E. coli positions 122 (A/G) and 187 (C/U). However, additional sequencing is needed to determine the need for taxonomic revision.
A recent phylogenetic treatment of the ammonia oxidizers based on 16S rRNA sequence comparisons (17) recommended that the genera Nitrosovibrio, Nitrosospira, and Nitrosolobus be combined in a single genus. Although we concur that these genera constitute a closely related assemblage, of lesser phylogenetic depth than the described species of Nitrosomonas, we note that the ultrastructure of Nitrosolobus (cytomembranes that partially compartmentalize the cell) is distinct from those of Nitrosospira and Nitrosovibrio (both lacking an extensive cytomembrane system) (46) . Thus, although Nitrosovibrio and Nitrosospira spp. could be accommodated within a single genus, we recommend reconsideration of inclusion of Nitrosolobus in such a revised taxonomic description. The gamma subdivision: the genera Nitrosococcus and Nitrococcus. The gamma subdivision of the proteobacteria harbors the ammonia oxidizer Nitrosococcus oceanus (strains C-107 and C-27) and the nitrite oxidizer Nitrococcus mobilis (ATCC 25380, type strain). This is the only example of both metabolic types occurring within the same subdivision ( Fig. 1 and 4) . Both species are found within the purple sulfur bacterial line of descent.
Physiologically, the purple sulfur bacteria are divided between those depositing elemental sulfur inside the cell (Chromatiaceae) and those depositing sulfur outside (Ectothiorhodospiraceae). This division corresponds to phylogenetic relationships as shown earlier by oligonucleotide comparisons (39) . Nitrosococcus oceanus and Nitrococcus mobilis are both members of the ectothiorhodospira branch. These associations are reminiscent of those seen in the alpha and beta subdivisions and again suggest that nitrifying bacteria are derived from photosynthetic ancestry. Similarly, the intracytoplasmic membrane system of Nitrosococcus oceanus resembles the stacked ectothiorhodospira type: several stacks in ectothiorhodospira and one central stack in Nitrosococcus oceanus. Nitrococcus mobilis differs in having tubes randomly arranged in the cytoplasm. Another similarity among them is common marine (1) . The relatively close relationship between Nitrosococcus oceanus and Nitrococcus mobilis raises the question of independent or derived origins of the corresponding ammonia-and nitrite-oxidizing enzyme systems.
The delta subdivision: the genera Nitrospina and Nitrospira. There were no precedents for assigning phylogenetic affiliations of the genera Nitrospina and Nitrospira. The 16S sequence of Nitrospira marina strain Nb-295 marks an early divergence within the delta subdivision of the proteobacteria. The two strains of Nitrospina gracilis, Nb-211 (Atlantic strain) and Nb-3 (Pacific strain), are closely related and define a second early divergence within the delta subdivision. Neither genus is closely related to any known member of the delta proteobacteria (e.g., Myxococcus xanthus or Bdellovibrio bacteriovorans) (Fig. 1) .
The affiliation of Nitrospina and Nitrospira with the delta subdivision is also supported by specific nucleotide signatures (55) . Nitrospina gracilis and Nitrospira marina share the sequence motif CCTGACGCAGC(G/A)ACGCCG (E. coli 16S rRNA positions 385 to 402) common to all delta-subgroup sulfate reducers and also M. xanthus (2) . Their distance from Nitrobacter species (alpha subdivision) and Nitrococcus mobilis (gamma subdivision) is reflected by different nitrite-oxidizing enzymes; none of the five major protein bands of the nitriteoxidizing membrane of Nitrobacter hamburgensis (42) was detected in Nitrospira marina (47) .
In contrast to the other subdivisions, the delta subdivision contains no known phototrophs. The ancestor of this subdivision is assumed to have lost its photosynthetic ability (55) . The Nitrospina and Nitrospira species probably represent a type of nitrifying metabolism that is not derived directly from immediate photosynthetic ancestry. Consistent with this view, the nitrite-oxidizing intracytoplasmic membranes common to other subdivision genera, thought to be derived from photosynthetic precursors, are lacking in Nitrospina and Nitrospira species.
Summary. Nitrobacteriaceae is a polyphyletic family. Nitriteand ammonia-oxidizing bacteria are widely distributed within the proteobacteria, demonstrating a phylogenetic diversity comparable to that previously reported for photosynthetic bacteria and sulfur-and iron-oxidizing chemolithotrophs (27) . Although phylogenetically diverse, there are common themes. Notably, most of the nitrifiers are closely affiliated with phototrophs: Rhodopseudomonaspalustris with Nitrobacter species, Rhodocyclus purpureus with Nitrosomonas species, and Ectothiorhodospira species with Nitrosococcus oceanus. This suggests a close evolutionary link between photosynthesis and nitrite/ ammonia oxidation. Both reactions are associated with intracytoplasmic membranes, and related nitrifying and photosynthetic species often share common membrane structural arrangement. Although these data are consistent with the ammonia-or nitrite-oxidizing membrane systems being derivative from photosynthetic membrane systems, the photosynthetic phenotype is widely distributed within the proteobacteria, and phylogenetic affiliation alone is only circumstantial evidence. Thus, these observations should primarily serve as an impetus to better establish the character of the postulated link.
The close connection between photosynthesis and nitrite or ammonia oxidation also suggests the possible existence of ammonia-oxidizing photosynthetic bacteria (10) . Ammonia could be used by photosynthetic bacteria as an electron donor in a way analogous to sulfide: 1.3 NH4' + CO2 = (CH2O) + 0.65 N2 + H20 + 1.3 H+ (AG' = 50 U). The possible existence of iron-oxidizing photosynthetic bacteria was postulated earlier on the basis of similar considerations, and representative bacteria were recently isolated (51) . The suggested evolutionary progression is consistent with the conversion hypothesis (10) (11) (12) . This hypothesis proposes that respiratory metabolism, both chemoorganotrophic and chemolithotrophic, has originated repeatedly via the independent conversion of an ancestral membrane-bound photosynthetic apparatus into a respiratory membrane. These conversions presumably occurred as oxidized compounds, produced by anoxygenic and oxygenic photosynthesis, became abundant (11) . The purple nonsulfur bacteria and some purple sulfur bacteria are viewed as transitional forms, photosynthetic bacteria with additional (limited) capabilities for aerobic respiration and heterotrophic metabolism (12) . The phylogenetic diversity of nitrite-oxidizing and ammonia-oxidizing bacteria seems to reflect the relative ease of transition from photosynthesis to ammonia-and nitrite-based chemolithotrophy. Each nitrifier retains the general structural features of the putative ancestor's photosynthetic membrane complex. Thus, the nitrifiers, as a group, are not derived from an ancestral nitrifying phenotype but appear to have arisen independently multiple times, possibly from different photosynthetic ancestors.
